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Graphene,  due  to  its  unique  ele¬ 
ctronic,^  thermal,^  and  mechani¬ 
cal  properties,^'®  has  been  consid¬ 
ered  as  an  ideal  material  for  numerous 
applications  such  as  field-effect  transistors,^ 
ultrasensitive  sensors,®  and  electromecha¬ 
nical  resonators,®  and  recently  as  an  elec¬ 
trode  material  of  Li-ion  batteries.'®^^^ 
Various  metal  oxide— graphene  composites 
have  been  studied  for  enhancing  capacity 
and  cyclic  stability  of  the  Li-ion  battery 
electrodes.®'”  High-surface-area  graphene 
sheets  formed  by  expanding  the  spacing 
between  graphene  layers  have  been  suc¬ 
cessfully  used  for  Li-ion  battery  applications.'  ^ 
Various  reports  on  utilizing  graphene  for 
energy  storage  applications  confirm  its 
superior  electrochemical  properties  over 
any  other  carbon-based  materials.  However, 
large-scale  synthesis  of  graphene  has  been 
a  major  issue  and  presents  a  considerable 
challenge  of  using  it  in  next-generation 
energy  storage  devices. 

Efforts  to  develop  an  efficient  synthesis 
method  of  graphene  include  chemical 
vapor  deposition'®  and  chemical  reduc¬ 
tion  of  exfoliated  graphite  oxide  (GO).''' 
Among  them,  chemical  methods  are 
more  appealing  because  of  their  low  cost, 
scalability,  and  ease  of  functionalization. 
The  chemical  methods  involve  reduction 
of  exfoliated  graphite  oxide  using  reducing 
agents  such  as  hydrazine  and  di- 
methylhydrazine.'®  Various  synthesis  meth¬ 
ods,  such  as  mild  heating  of  an  alkaline 
solution  of  exfoliated  graphite  oxide,  com¬ 
plete  reduction  of  graphene  through  chemical 
conversion,  sodium  borohydride  and  sulfuric 
acid  treatment  of  graphite  oxide,  have  been 
reported.'®''^  Although  these  synthesis  meth¬ 
ods  can  be  used  for  the  large-scale  prepara¬ 
tion  of  graphene,  the  introduction  of 
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impurities  during  these  processes  is  unfa¬ 
vorable  for  use  in  electrochemical  devices. 
Therefore,  a  synthesis  process  that  would 
lead  to  a  cleaner  product  would  be  desir¬ 
able.  It  is  known  that  an  alkali  metal  dis¬ 
solved  in  liquid  ammonia  is  a  strong 
reducing  agent  that  can  be  exploited  for 
the  functionalization  of  carbon-based  nano¬ 
materials  as  well  as  nanoparticles.'®^®®  Bill¬ 
ups  and  co-workers  developed  a  method  to 
functionalize  SWNTs  using  a  solution  of 
lithium  in  liquid  ammonia.  In  this  approach, 
single-  or  multi-walled  carbon  nanotubes 
(SWNT/MWNT)  dispersed  in  Li/NHa  form 
"nanotube  salts"  that  react  with  alkyl  or  aryl 
halides  to  generate  free  radicals  that  add  to 
the  sidewalls  of  the  nanotubes.®®^^®  This 
method  has  also  been  used  to  attach  oxy¬ 
gen-  and  nitrogen-centered  radicals  to 
the  sidewalls  of  the  nanotubes.®®  In  this 
paper,  we  describe  a  new  synthesis  method 
for  the  preparation  of  lithium-ion-interca- 
lated  graphene  sheets  and  their  suitability 
as  an  electrode  material  for  lithium  ion  bat¬ 
teries.  The  resulting  lithium-intercalated  re¬ 
duced  graphene  oxide  (Li-RGO)  was  used 
as  an  electrode  material  to  fabricate  a 
lithium  battery  and  study  its  electrochemi¬ 
cal  properties. 
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Figure  1.  XPS  spectra  of  (A)  the  CIs  core  level  of  graphite  oxide,  (B)  the  Cl  s  core  level  of  Li-RGO,  and  (C)  the  Li  Is  core  level 
of  Li-RGO. 


RESULTS  AND  DISCUSSION 

Characterization  of  Lithiated  Reduced  Graphene  Oxide.  X-ray 
photoelectron  spectroscopy  (XPS)  studies  were  con¬ 
ducted  in  order  to  determine  the  presence  of  surface 
elements,  their  oxidation  states,  and  the  purity  of 
the  as-synthesized  material.  The  survey  scan  spectrum 
shows  the  presence  of  the  principal  Cl  s,  01  s,  and  Lil  s 
core  levels  with  no  evidence  of  impurities.  All  spectra 
have  been  corrected  for  any  background  signals  using 
the  Shirley  algorithm  prior  to  curve  resolution.^®  The 
Cl  s  core  level  spectra  from  graphite  oxide  and  lithiated 
reduced  graphite  oxide  (Li-RGO)  are  presented  in 
Figure  lA  and  B,  respectively.  The  CIs  peak  from 
graphite  oxide  can  be  resolved  into  four  components, 
centered  at  ~284.8,  286.9,  288.6,  and  290  eV.  These 
components  can  be  assigned  to  C  from  nonoxyge- 
nated  carbon  (CC),  COC/COH,  a  carbonyl  group  (CO), 
and  a  COOH  group.  The  intensity  of  the  nonoxygenated 
vs  oxygenated  carbon  clearly  indicates  that  a  high 
degree  of  oxidation  is  carried  out  during  the  Hummers 
method.^^  RGO  (Figure  IB)  also  exhibits  the  same  oxy¬ 
gen  functionalities  that  have  been  assigned  for  the 
graphite  oxide.  However,  the  peak  intensities  of  these 
components  in  Li-RGO  samples  are  much  smaller  than 
those  in  the  graphite  oxide,  indicating  that  most  of  the 
epoxide  and  hydroxy  functional  groups  are  success¬ 
fully  removed  by  reduction  through  lithium  in  liquid 
NH3.  Figure  1C  shows  the  Li  Is  core  level  spectra  and 
can  be  resolved  into  two  components,  centered  at  54 
and  57.4  eV,  as  shown  in  the  figure.  The  lower  binding 
energy  component  corresponds  to  lithium  oxide, 
which  may  be  due  to  an  impurity  left  in  the  graphene 
sample.  The  higher  binding  energy  component  can  be 
assigned  to  lithium  bonded  to  graphene.  The  XPS 
study  clearly  reveals  that  graphite  oxide  has  been 


reduced  to  graphene  oxide  with  intercalated  lithium 
in  between  the  graphene  sheets. 

The  crystal  structure  of  the  synthesized  product  is 
analyzed  by  recording  X-ray  diffraction  (XRD)  peaks  of 
the  starting,  the  intermediate,  and  the  final  material. 
Figure  2A  shows  the  XRD  data  for  pure  graphite, 
exfoliated  graphite  oxide,  and  reduced  graphite  oxide 
(Li-RGO)  collected  using  monochromated  Cu  Ka  radia¬ 
tion.  The  pure  graphite  exhibits  a  sharp  peak  centered 
at  ~26°,  corresponding  to  the  0002  Bragg  reflection.  A 
shift  in  the  0002  Bragg  reflection  from  ~26°  to  10°  has 
been  observed  in  graphite  oxide.  The  shift  in  the  Bragg 
reflection  reveals  the  successful  exfoliation  of  graphite 
and  is  in  good  agreement  with  the  reported  value.^® 
The  disappearance  of  the  graphite  oxide  peak  at  10° 
after  the  reduction  process  indicates  that  the  oxygen 
functionality  has  been  removed.  Li-intercalated  gra¬ 
phene  sheets  show  the  peak  broadening  and  shift  in 
the  0002  Bragg  reflection  toward  lower  angle  (~24°). 
The  broader  peak  may  be  due  to  the  corrugated  struc¬ 
ture  of  the  graphene  sheets.  The  shift  of  the  Bragg 
reflection  toward  lower  angle  clearly  indicates  the  in¬ 
crease  in  interlayer  spacing  between  graphene  layers, 
which  occurred  due  to  partial  Li  interaction.^®'®® 

Raman  spectroscopy  is  an  efficient  tool  to  charac¬ 
terize  graphene-based  materials.  Here  it  is  used  to 
monitor  the  structural  changes  occurring  during  the 
synthesis  of  Li-RGO  from  GO.  Figure  2B  shows  the 
Raman  spectra  of  graphite,  exfoliated  graphite  oxide, 
and  reduced  graphite  oxide  (Li-RGO).  The  Raman 
spectrum  of  the  graphite  shows  a  prominent  G  peak 
centered  at  1581  cm^\  corresponding  to  the  first- 
order  scattering  of  the  £29  mode,  whereas  the  Raman 
spectrum  of  graphite  oxide  shows  two  peaks,  centered 
at  1594  and  1363  cm“\  which  can  be  attributed  to  G 
and  D  bands,  respectively.  Similarly,  the  Li-RGO  also 
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Figure  2.  (A)  XRD  spectra  of  reduced  graphite  oxide  (Li-RGO),  exfoliated  graphite  oxide,  and  pristine  graphite  (inset).  (B) 
Raman  spectra  of  a  drop-coated  film  of  pristine  graphite,  exfoliated  graphite  oxide,  and  reduced  graphite  oxide  (Li-RGO). 


contains  both  G  and  D  bands  (centered  at  1584  and 
1 352  cm“',  respectively)  with  a  higher  D/G  intensity  ratio 
as  compared  to  that  of  GO.  This  increase  in  D/G  ratio  is 
due  to  the  formation  of  defects  in  the  graphene  layers 
during  reduction  of  GO  and  charge  transfer  between 
lithium  ions  and  graphene. 

The  XRD,  Raman  spectroscopy,  and  XPS  studies 
clearly  indicate  the  successful  reduction  of  exfoliated 
graphite  oxide  into  graphene  sheets  by  Li/ammonia 
treatment.  The  morphological  characterizations  of  Li- 
RGO  were  conducted  using  SEM  and  TEM  analysis. 
Figure  3A  shows  the  SEM  image  of  Li-RGO,  revealing 
randomly  aggregated,  thin,  crumpled  sheets  that  form 
a  disordered  solid  powder  with  a  "fluffy"  appearance.  In 
order  to  see  the  distribution  of  Li  element  in  the 
graphene  sheet,  energy  filter  images  of  graphene 
sheets  are  obtained  by  transmission  electron  micro¬ 
scopy  (TEM)  (Figure  3B— D).  Figure  3B  shows  the  bright- 
field  image  ofgraphene  flakes  and  is  used  for  chemical 
mapping.  Figure  3C  and  D  show  the  chemical  map  of  Li 
and  O  elements,  respectively,  indicating  the  distribu¬ 
tion  of  these  elements  throughout  the  graphene  sheet. 

Electrochemical  Studies  of  Lithiated  Graphene.  The  pre¬ 
sence  of  Li  in  graphene  layers  makes  this  an  interesting 
material  for  electrochemical  studies.  In  order  to  test  its 
applicability  in  energy  storage  devices,  specifically  in 
lithium-ion  batteries,  a  working  electrode  is  prepared 
by  mixing  85%  Li-RGO  with  10%  carbon  black  and 
5%  binder  (polytetrafluoroethylene).  Electrochemical 
measurements  are  carried  out  by  taking  a  1  M  solution 
of  LiPFs  in  a  1:1  (v/v)  mixture  of  ethylene  carbonate  (EC) 
and  dimethyl  carbonate  (DMC)  as  the  electrolyte  and  Li 
foil  as  counter  and  reference  electrode.  Figure  4A 
shows  the  cyclic  voltammograms  (CV)  of  the  Li-RGO 
electrode  conducted  at  a  scan  rate  of  0.1  mV  s“'.  The 
CV  measurement  of  the  Li-RGO  electrode  demonstrates 
that  lithium  could  reversibly  intercalate  and  deinterca- 
late  into  graphene  sheets.  The  lithium  ion  insertion 
potential  is  quite  low,  which  is  very  close  to  0  V  vs  the 
Li/Li^  reference  electrode,  whereas  the  potential  for 
lithium  ion  deintercalation  is  in  the  range  0.2— 0.3  V. 


Figure  3.  (A)  SEM  Image  of  Li-RGO,  (B)  TEM  Image  of  Li-RGO, 
(C)  lithium  elemental  map  of  Li-RGO,  and  (D)  oxygen 
elemental  map  of  Li-RGO. 

The  cyclic  stability  of  the  Li-RGO  electrodes  for 
lithium  ion  battery  applications  is  tested  by  galvano- 
static  charge/discharge  measurements  in  a  Li  half-cell 
at  a  constant  current  rate  of  25  mA/g.  Voltage  vs  specific 
capacity  curves  are  shown  in  Figure  4B.  The  first  dis¬ 
charge  curve  shows  a  large  plateau  at  about  0.7  V.  This 
discharge  plateau  can  be  attributed  to  the  formation  of 
SEI  (solid  electrolyte  interface)  film  on  the  surface  of  the 
Li-RGO,  which  is  associated  with  electrolyte  decom¬ 
position  and  the  formation  of  lithium  organic 
compounds.^''^^  The  discharge  plateau  at  0.7  V  occupies 
a  capacity  of  ~300  mAh/g  and  is  not  reversible.  In  the 
subsequent  cycles,  this  discharge  plateau  disappeared, 
and  a  stable  reversible  capacity  of  410  mAh/g  was 
obtained. 

A  comparison  study  of  the  electrochemical  cyclic 
characteristics  of  the  graphite,  RGO  (prepared  by  using 
method  described  in  ref  17),  and  Li-RGO  was  con¬ 
ducted  at  a  constant  current  rate  of  25  mA/g  between 
3.0  and  0.02  V  vs  Li/Li^.  Figure  5  shows  the  specific 
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Figure  4.  Electrochemical  properties  of  Li-RGO  as  positive 
electrodes  in  the  Li  battery.  (A)  Cyclic  voltammograms  of  Li- 
RGO  electrode  in  a  1  M  solution  of  LiPFs  electrolyte  with  Li  as 
counter  and  reference  electrode  (scan  rate:  0.1  mV  s  ').  (B) 
Charge  discharge  voltage  profiles  for  Li-RGO  electrode 
cycled  at  a  current  rate  of  25  mA/g  between  3.0  and  0.02  V  vs 
Li/Li+  in  a  1  M  solution  of  LiPFg  in  a  1:1  (v/v)  mixture  of 
ethylene  carbonate  (EC)  and  dimethyl  carbonate  (DMC)  as 
the  electrolyte. 

capacity  vs  cycle  number  plots  for  graphite,  RGO,  and 
Li-RGO.  Graphite,  RGO,  and  Li-RGO  show  reversible  dis¬ 
charge  capacities  of  300,  340,  and  41 0  mAh/g,  respec¬ 
tively.  The  enhancement  in  the  capacity  of  Li-RGO  as 
compared  to  graphite  and  RGO  can  be  attributed  to  the 
presence  of  electrochemically  active  defects  (i.e.,  edge 
and  basal-plane  defects)  formed  during  the  reduction  of 


Figure  5.  Variation  in  discharge  capacity  vs  cycle  number 
for  graphite,  RGO,  and  Li-RGO  cycled  at  a  current  rate  of  25 
mA/g  between  3.0  and  0.02  V  vs  Li/Li+  in  a  1  M  solution  of 
LiPFg  in  a  1:1  (v/v)  mixture  of  ethylene  carbonate  (EC)  and 
dimethyl  carbonate  (DMC)  as  the  electrolyte. 

graphite  oxide  and  also  due  to  the  absorption  of  Li  on  the 
internal  surfaces  of  the  disordered  graphene  sheets.^^^^^ 
The  interface  between  liquid  electrolyte  and  the  outer 
surface  of  each  graphene  sheet  involves  SEI  formation 
and  results  in  huge  irreversible  capacity  loss  in  the  first 
discharge,  whereas  defects  present  in  the  Li-RGO  usually 
undergo  a  reversible  Li  intercalation/deintercalation  pro¬ 
cess  without  involving  SEI  formation  and  result  in  en¬ 
hanced  capacity  compared  to  graphite  and  RGO.^^ 

CONCLUSION 

In  summary,  graphene  with  intercalated  lithium  has 
been  synthesized  by  reducing  exfoliated  graphite 
oxide  using  lithium  metal  and  liquid  ammonia.  A 
detailed  structural  and  chemical  analysis  confirms  the 
simultaneous  Li  intercalation  into  graphene  sheets 
upon  the  reduction  of  graphite  oxide.  Electrochemical 
studies  of  lithiated  graphene  reveal  its  prospect  of 
potential  application  as  an  electrode  material  for  Li- 
ion  batteries. 


METHODS 

Granular  lithium  (99%),  hexane,  hydrogen  peroxide,  and 
ethanoi  were  purchased  from  Sigma  Aidrich  and  used  as 
received.  Graphite  oxide  was  prepared  from  purified  naturai 
graphite  (SP-1,30  im  nominai  particie  size,  Bay  Carbon,  Bay  City, 
Mi)  by  the  Hummers  method.^'  The  graphite  oxide  reduction 
was  carried  out  as  foiiows:  20  mg  (1.6  mmoi  of  carbon)  of 
exfoliated  graphite  oxide  was  added  to  a  flame-dried  100  mL, 
three-neck,  round-bottom  flask.  Liquid  NHj  was  then  con¬ 
densed  into  the  flask  followed  by  the  addition  of  small  pieces 
of  lithium  metal  (231  mg,  33  mmol),  and  the  mixture  was  stirred 
overnight  at  -33  °C  with  slow  evaporation  of  ammonia.  The 
flask  was  then  cooled  in  an  ice  bath,  and  methanol  (1 0  mL)  was 
added  slowly  followed  by  slow  addition  of  water  (20  mL).  After 
acidification  (10%  HCI),  the  reduced  product  was  extracted  into 
hexanes  and  washed  several  times  with  water.  The  hexane  layer 
was  then  filtered  through  a  polytetrafluoroethylene  membrane 


filter  of  0.2  /im  pore  size,  washed  with  ethanol,  and  dried 
overnight  in  a  vacuum  oven  (80  °C). 

Morphological  and  elemental  analyses  were  carried  out  using 
a  scanning  electron  microscope  (FEI  Quanta  400)  operated  at  20 
kV  and  equipped  with  an  EDS  detector.  The  crystalline  nature  of 
the  products  was  determined  using  an  X-ray  diffractometer 
(Rigaku  D/Max  Ultima  II)  operated  at  40  kV  using  Cu  Ka 
radiation.  Transmission  electron  microscopy  (JEOL  2010)  was 
done  at  100  kV  on  drop-casted  samples  prepared  on  copper 
grids.  X-ray  photoelectron  spectroscopy  was  done  on  a  spectro¬ 
photometer  (PHI  Quantera  SXM)  using  monochromatic  Al  Ka 
radiation  (1486.6  eV). 

Electrochemical  measurements  were  performed  in  a  Swage- 
lok-type  cell  using  an  AUTO  LAB  PGSTAT  302  potentiostat/ 
galvanostat  (Eco  Chemie  Utrecht,  The  Netherlands).  The  work¬ 
ing  electrode  with  a  thickness  of  0.2  mm  and  a  diameter  of  12 
mm  was  fabricated  by  mixing  85%  of  the  active  materials  with 
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1 0%  carbon  black  and  5%  binder  (polytetrafluoroethylene)  onto 
a  stainless  steel  plate.  The  electrochemical  test  cell  was  as¬ 
sembled  in  an  argon-filled  glovebox  using  the  active  material 
(Li-RGO,  RGO,  and  graphite  powder)  as  working  electrode, 
lithium  metal  foil  as  the  counter/reference  electrode,  and  a  1 
M  solution  of  LiPFe  in  a  1:1  (v/v)  mixture  of  ethylene  carbonate 
and  dimethyl  carbonate.  A  glass  microfiber  filter  was  used  as 
separator.  The  cells  were  charged  and  discharged  galvanosta- 
tically  at  a  rate  of  25  mA/g  between  3.0  and  0.02  V. 
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